phase of germband extension, leading to the first wave of cell division that takes place in the mesoderm (stage 8). The cells then migrate and spread dorsally and undergo a second round of cell division (stages 8 and 9). The third wave of mesoderm cell division occurs at the Helit Nabel-Rosen, Hila Toledano-Katchalski, Gloria Volohonsky, and Talila 
these proteins control the levels of their target mRNAs that HOW(L) is the major isoform at this stage (not shown). At stages 5 and 6, HOW(L) expression was by regulating their stability
.
The how gene encodes two protein isoforms proslightly elevated in Twist-expressing cells prior to their invagination, presumably owing to Twist activity [ 
21] duced by alternative splicing, HOW(L) and HOW(S). Both HOW proteins are identical along most of their coding (Figures 1D-1G). At stages 7-11, HOW(L) is detected
at high levels in the entire mesoderm ( Figures 1H-1J ). sequence, including the conserved maxi-KH domain, but differ at their C-terminal region [15] . HOW(L), a nu-HOW(S) expression was not detected at these stages. Below, we address the function of HOW(L) at these early clear variant, contains a unique 36 amino-acid tail that carries an evolutionarily conserved nuclear retention developmental stages. signal necessary for its inhibitory function [16, 17] . Previous studies showed that both isoforms bind the 3ЈUTR Delayed Invagination of the Mesoderm of stripe mRNA, a key regulator of tendon-cell identity in how Mutant Embryos and differentiation. However, HOW(L) represses stripe To study the requirements for HOW at early developmRNA by inducing its fast degradation, whereas HOW(S) mental stages, we analyzed the phenotype of embryos induces stripe mRNA stabilization [18] .
lacking both maternal and zygotic HOW. Previously de-HOW is highly expressed in the mesoderm and its scribed how mutant embryos derived from germline derivatives, in tendon cells, and in peripheral glial cells clones of the enhancer trap how IA22 did not exhibit a in late embryonic stages. Zygotic how mutants are lethal mesoderm-specific phenotype [15] . However, the how
IA22
and exhibit various mesoderm differentiation abnormaliallele is an enhancer trap created by P element insertion ties, including abnormal heart function and slightly dein an intron of the how gene, and it appears to be a fective somatic muscle pattern [ [15] . To further characterize HOW expression, we produced antibodies specific for the HOW(L) of embryos that exhibited defected mesoderm invagination in zygotic how stru mutants. About 50% of the exisoform and followed HOW(L) protein expression at early developmental stages. HOW(L) was uniformly expressed pected 25% homozygous how mutants showed defected mesoderm invagination, suggesting a role for at the blastoderm stage in all nuclei (Figure 1 ). There was no significant difference between the subcellular maternal HOW in rescuing this phenotype. how stru represents a severe how allele that abolishes HOW protein distribution of an antibody that recognized both isoforms (see inset in Figure 1A ) and the anti-HOW(L) speexpression; thus, the reason for this partial phenotype cannot be attributed to incomplete penetrance. cific antibody ( Figure 1A ). Both antibodies showed the typical nuclear staining of HOW(L). Moreover, Western
In most mutant embryos, mesoderm invagination eventually took place, but it was not synchronous; that is, analysis of 0-2-hr-old embryos with anti-HOW confirms a more homogenous population of embryos and to elimiof the mesoderm domain, in which mitosis is delayed nate variations in the zygotic string levels that stem despite the presence of string/cdc25 mRNA. To implifrom differences in the developmental stages of these cate HOW in string mRNA regulation, we performed in embryos, we performed RT-PCR on 1-3-hr-old how situ hybridization with a string/cdc25 antisense RNA germline clone embryos with the string-specific primers. probe. The levels of string/cdc25 mRNA in the how muAt these stages, maternally contributed string mRNA is tant embryos lacking both maternal and zygotic HOW homogenously distributed in the embryos, and zygotic were significantly elevated in relation to those of wildstring is minimal. A significant and specific upregulation type embryos (Figure 4 ). In the ventral ectoderm, we of string mRNA levels was detected in these embryos detected a stronger signal along MD10. This signal is ( Figure 4E) . Interestingly, the levels of twine, a second wide, owing to the lack of mesoderm invagination in cdc25 homolog that is active in preblastoderm stages, the how mutant embryo. In addition, slight string/cdc25
were downregulated (not shown), demonstrating the mRNA elevation, representing the enhancement of initial specificity of HOW activity on string mRNA. transcriptional induction of string by segmentation Thus, the in situ hybridization together with the RTgenes in MD11, is detected in a segmental pattern in PCR results is consistent with the possibility that the lateral ectoderm, as described by Edgar et al. [4] . It HOW(L) reduces string mRNA levels during early emshould be noted that the background staining (indicated bryogenesis. by the black arrowheads in Figures 4A and 4B ) is about the same in both the wild-type embryo and the mutant embryos, and the intensity of string in the head furrow HOW(L) Binds to string/cdc25 mRNA Previously, we showed that HOW(L) downregulates the is essentially similar in both embryos (indicated by white arrowheads in Figures 4A and 4B) . To ensure the specific levels of stripe, a key transcription factor essential for tendon-cell differentiation. To test whether HOW(L) dielevation of string/cdc25 mRNA levels, we performed in situ hybridization of the how germline clone embryos rectly regulates string mRNA, we tested first for direct binding between HOW(L) and string mRNA by using an mixed in a single tube with embryos originated from oskar mutant mothers. The latter embryos, representing in vitro protein-RNA binding assay described previously [16] . string/cdc25 mRNA was transcribed in vitro. HOW(L) wild-type string/cdc25 levels, were identified by the lack of germ cells (Figures 4C and 4D) . Consistently, string/ and mutant HOW(L) carrying a cysteine-to-arginine mis- These experiments support the idea that string/cdc25 in MD10 in relation to MD2 in wild-type embryos (see Figure 4A ), also described in Edgar et al. [4] . Our study mRNA is a direct target for HOW activity and that the levels of string/cdc25 mRNA are reduced both in Schneiprovides, for the first time, a molecular basis for string/ cdc25 mRNA instability. In situ hybridization with string der cells as well as in embryos, by direct binding of HOW(L) to the string/cdc25 3ЈUTR, causing destabilizaantisense probe as well as RT-PCR experiments demonstrated that, in how mutant embryos, string/cdc25 is tion of string/cdc25 mRNA. upregulated. Moreover, protein-RNA binding experiments showed a direct binding between HOW and string Discussion RNA, and in Schneider cells a gfp-string3ЈUTR reporter mRNA is specifically degraded in the presence of In this study, we describe a novel mechanism of negative cell-cycle control in the Drosophila embryo on the basis HOW(L). Collectively, these experiments are consistent be highly efficient. This, together with the constitutive transcriptional activation of string by Twist, may lead to Importantly, this sequence, GACUAA, is present in the string 3ЈUTR. Our results are consistent with the idea the eventual accumulation of string mRNA and protein that HOW binds the relaxed consensus sequence described for Gld-1, which is also present in string 3ЈUTR [24] . Interestingly, this sequence appears also in the C. elegans cdc25/string homolog, suggesting that Gld-1 (similarly to HOW in Drosophila) may control cdc25/ string in C. elegans.
Cell-Cycle Control during Gastrulation of the Drosophila Embryo
The arrest of cell-cycle progression in the invaginating mesoderm must be transient because immediately after the invagination process the cells undergo a round of cell division. Thus, String/Cdc25 protein levels must be downregulated to a narrow time window to enable mesoderm invagination. This time frame may be achieved in the following manner: Twist, a regulator of mesoderm 
